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Prolonged flooding conditions may result in crop losses >10% (Bange et al., 2004), >40% in severe cases (Hodgson and Chan, 1982) . As a result of the disturbance of the physiological functioning of plants, the vegetative and reproductive growth is negatively affected (Gibbs and Greenway, 2003) . Das (2012) reported large differences in plant tolerance to flooding and insufficient aeration of root media among herbaceous species.
The first symptom of flooding damage is stomatal closure, which affects not only gas exchange, but also decreases the passive absorption of water, which is also negatively influenced by anaerobic conditions in the rhizosphere (Kozlowski and Pallardy, 1997) . A decrease in transpiration leads to leaf wilting and early senescence; finally resulting in foliar abscission (Ashraf, 2012; Kozlowski and Pallardy, 1997) .
The respiration of roots in waterlogged soils that are poorly (hypoxia) or not at all aerated (anoxia), in which gas diffusion is severely inhibited (Armstrong et al., 1994) , changes from aerobic to anaerobic conditions, being very detrimental to the development of plants.
In soils with a severely reduced O 2 partial pressure, the availability of nutrients for plants is strongly decreased (Blom and Voesenek, 1996) . When the availability of oxygen in the soil is reduced, anaerobic microorganisms dominate, creating strongly reducing conditions in the rhizosphere in which Fe 2+ , Mn 2+ , H 2 S, sulfides, lactic acid, and butyric acid, among others, increase to toxic concentrations (Larcher, 2003) .
The cape gooseberry (Physalis peruviana L., Solanaceae), an Andean fruit species that has gained immense importance in Colombia due to its potential for export as fresh fruit (Fischer et al., 2007) , is easily adapted to a wide range of ecological conditions and grows as a wild and semi-wild plant from Chile to Colombia (Fischer, 2000) . In Colombia, commercial crops are found between 1,800 and 2,800 m a.s.l., with an average temperature between 13 and 16°C, well-distributed rainfall from 1,000 to 1,800 mm per year, and a requirement for an average relative humidity from 70 to 80% (Fischer and Miranda, 2012) .
The cape gooseberry is an herbaceous plant with a large vegetative development, achieving a height of 1 to 1.5 m without trellis (Fischer and Miranda, 2012) . Most roots are fibrous and are between 10 to 15 cm in depth (Fischer, 2000) ; the branched root system extends up to a radius of 60 cm (Galindo and Pardo, 2010) with an effective rooting depth of 60 cm (Angulo, 2005) ; while the formation of adventitious roots at the lower nodes of vegetative basal stems can be observed (Galindo and Pardo, 2010) . The cape gooseberry thrives well in soils with a granular structure that allows for good aeration and drainage of the roots (Angulo, 2005) , with water tables deeper than 1 m (Fischer and Miranda, 2012) .
Six-day-waterlogging affected the potted cape gooseberry plants through a reduction in root growth, leaf area and, consequently, a diminished biomass production (Villareal, 2014) . In another solanaceous plant, the tomato, waterlogging reduced stem growth, leaf area, fruit set and fruit yield (Lopez and Rosario, 1983) . Ezin (2010) observed leaf yellowing (senescence), wilting and adventitious root formation in 8-day-flooded tomato genotypes as symptoms of tolerance to flooding.
Because the technological cultivation of the cape gooseberry relies mostly on empirical knowledge (Fischer and Miranda, 2012) and the damage caused by waterlogging and flooding in Colombia in recent years is high, the objective of this research was to study the effect of short-term waterlogging, 2 to 8 days, on the growth and development of this plant species.
Materials and methods
The research was conducted at the Faculty of Agricultural Sciences, National University of Colombia, Bogota, located at 2,556 m. a.s.l., in a plastic greenhouse with an average temperature of 15.3°C and relative humidity of 64%. The plant material used consisted of cape gooseberry seedlings (Physalis peruviana L.), ecotype 'Colombia' with an age of 30 days after emergence (dae). These seedlings were left in an adaptation phase of 1 month in the greenhouse, still in the juvenile growing phase, before being transplanted into 10 L plastic pots (22 cm diameter by 20 cm high), using as substrate the greenhouse soil (pH 5.78; CO 4.47%; N 0.39%; Ca 9.6, Mg 2.16, Na 0.21, K 182, Al 0.09, H 0.07, and CIC 22.4 meq/100 g; P 264. ; with a loam texture), disinfected by solarization. To simulate the conditions of waterlogging on the plants, four ditches in the soil, 30 cm deep, 30 cm wide and 7 m long, were used, which were covered with caliber-6 black polyethylene plastic, these ditches were filled with potable water from the local aqueduct to a depth of 25 cm.
When the plants reached an age of 90 dae, the waterlogging treatments started, placing the pots in the water filled ditches, 15 plants per ditch, for 2, 4, 6 and 8 days. The control plants were placed next to the corresponding ditch without dipping into the water. Triple 15 (NPK) was applied at a dose of 5 g per 1-month dae plant, and, at 2-months dae a complete fertilizer was applied (mg/L per plant): N 100. 
Experimental design
The experimental design consisted of randomized complete blocks: the four blocks corresponded to the flooded ditches; and the five treatments were: 0, 2, 4, 6 and 8 d of waterlogging. The experimental units (or replications) were the plants growing in pots, 15 per block and 12 per treatment, i.e. a total of 60 plants for the whole experiment.
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Measurements of growth and development
Before starting the treatments, an initial measurement (0 days) of plant height and leaf area was taken. One week after finishing the waterlogging treatments, plant height and leaf area were recorded weekly, as well as the number of reproductive units (flower buds, flowers and fruits). In addition to these measurements, a modified scale of Yeboah et al. (2008) with values of 0-5 was used to assess weekly symptoms generated by the waterlogging stress. Also, a photographic record of five plants, representing the different durations of waterlogging, was kept weekly.
At the end of the trial (50 days after the waterlogging treatments started), the diameter was recorded at the base of the stem (3 cm above the root collar) and the dry weights of the aerial parts (stems and leaves), the root system, and the reproductive parts (flower buds, flowers and fruits) were determined. For this, the samples were placed in an oven at a temperature of 70°C until the weight remained constant (3 days); the weights were measured with an electronic balance with an accuracy of 0.01 g.
To calculate the leaf area of the plants, several leaf samples were taken and by means of a scanner, their silhouettes were digitized using the program ImageJ, version 1.45, and the leaf area was calculated.
Statistical analysis
The collected data were subjected to variance analysis using the Statistical Analysis System (SAS version 9.1) to determine differences among the treatments. The means were compared using the Tukey HSD (honestly significant difference) test at P≤0.05.
Results and discussion

Plant height
Treatments of 0 and 2 days of waterlogging showed a very similar plant height without significant differences (P>0.05), while the 4-day-waterlogged plants decreased growth at 15 and 22 d (P≤0.05), with subsequent recovery (Table 1 ). In the 6-day-waterlogged cape gooseberry, the stem elongation was nearly paralyzed and, in the 8-day-waterlogged plants, it decreased with the onset of plant death from day 25 after the waterlogging treatments started.
The significantly larger longitudinal growth of the 0 to 4 days waterlogged plants as compared to the 6 to 8 days waterlogged plants may be related to the sufficient supply of the phytohormones cytokinins and gibberellins, which are synthesized in the root system, which was not affected by the lack of oxygen in these treatments, because Bradford and Yang (1981) observed a reduction of these hormones in xylem sap of flooded tomato plants. Furthermore, according to Shiu et al. (1998) , the dramatic reduction in the longitudinal growth of the 6 to 8 days treated plants may have been influenced by ethylene, since, under conditions of hypoxia, ethylene biosynthesis is increased, due to the synthesis of 1-aminocyclopropane-1-carboxylic acid (ACC) in the roots and its fast transport to the stem. Once in the leaves, ACC is converted by ACC oxidase to ethylene, which is associated with the inhibition of stem growth, leaf wilting and curling, typical plant responses to flooded conditions (Lorbiecke and Sauter, 1999) . On the other hand, Jordan and Casaretto (2006) attributed this effect to an inhibitory action of abscisic acid (ABA), which is best expressed in terms of lack of oxygen; ABA is able to inhibit stem elongation rather than roots. On the other hand, waterlogging reduces the absorption of nutrients such as N, P and K (Kozlowski and Pallardy, 1997), among which, in the case of the cape gooseberry, N deficiency has the greatest effect on longitudinal stem growth (Martínez et al., 2009) . The same reduction in stem length was observed by Baracaldo et al. (2014) in 2-month-old chonto tomato plants waterlogged for 4, 8 and 12 days, from 16 days after treatment initiation.
Leaf area
As in the case of plant height, the cape gooseberry waterlogged for 0, 2 and 4 days showed no significant differences in leaf area during the evaluation period ( Table 2 ). The 6-day-waterlogged plants developed a significantly lower leaf area (P≤0.05) than the control plants from day 22 on, but without difference (P>0.05) with those waterlogged for 8 days, which had marked leaf area reductions. At the end of the trial, the waterlogged plants, between 0 and 4 d, had more than twice the number of leaves, as compared with the 6 and 8 days treatments (data not shown).
Also Casierra-Posada and Vargas (2007) found that flooded strawberry plants reached only 36.8% of the leaf area of plants kept under normal soil humidity conditions. These authors attributed this finding, among other reasons, to an inhibition of the expansion of the leaf due to the reduction of the extensibility of the cell walls, a determinant growth factor under hypoxic root conditions (Smit et al., 1989) .
The marked leaf area decrease in the cape gooseberry plants waterlogged for 6 and 8 days can be attributed to a reduction in the photosynthetic rate, as observed in solanaceous species such as the tomato (Walter et al., 2004) , due to stomatal closure (Kozlowski and Pallardy, 1997) and the adverse effects of this stress on the photosynthetic capacity (Bradford and Yang, 1981) , which Kozlowski and Pallardy (1997) associated with changes in enzyme carboxylation, reduced chlorophyll content and lower leaf area as caused by an inhibited formation, expansion, injury, and abscission of leaves.
The decrease in the rate of leaf CO 2 exchange under waterlogging stress conditions was also reported by Davies and Flore (1986) in the blueberry (Vaccinium ashei), accompanied by a reduced stomatal conductivity, and Jackson (1990) in the tomato, observing a stomatal closure with increasing levels of abscisic acid in the leaves. In studies with flooded tomatoes that applied chlorophyll fluorescence, Ezin et al. (2010) and Kläring and Zude (2009) observed that the reduction in photosynthetic rates is related to limitations in the PSII reaction center.
Six-and 8-day-waterlogged plants showed abscission of the lower leaves (Das, 2012; Kozlowski and Pallardy, 1997) , which were accentuated in the 8-day-waterlogged plants from day 22 of our experiment (Tab. 2).
Diameter of the stem base
At 50 days of the evaluation, the diameter of the stem base did not differ (P>0.05) in the 0-to 4-day-submerged plants, while in the plants waterlogged for 6 days, as compared with those of 2 days and the control, the stem diameter was significantly reduced ( Table 3 ). The stem of the 8-day-stressed plants was significantly thinner (P≤0.05) as compared with the 4-day and less waterlogged plants.
The lower stem diameter growth of the 6-and 8-daywaterlogged cape gooseberry indicates that these plants had a reduced rate of photosynthesis (Kozlowski and Pallardy, 1997) and, consequently, a lower translocation of photoassimilates to this organ as compared with the shorter stress time, considering that the cape gooseberry accumulates the second largest amount of reserve sugars (starch and sucrose), after the roots, at the base of the vegetative stem (unpublished data by G. Fischer). Furthermore, we observed that the optimal radial stem growth of the long-time-waterlogged plants was affected by the onset of fungal rot, confirming the studies of Villareal (2014) that showed that a waterlogging of 6 days increased the susceptibility of cape gooseberry to Fusarium oxysporum. 
Number of reproductive organs
With an increased number of waterlogging days, the number of flowers and fruits constantly decreased, while the treatments of 0 to 2 days developed the most reproductive organs (Table  4) . The treatments of 6 and 8-day-waterlogging, from day 22, developed significantly less reproductive organs as compared to the shorter treatments. (1997) reported that, in flooded conditions, the formation of flower buds, anthesis, formation and growth of fruit in non-waterlogging-tolerant plants are inhibited. Thus, the flooded plants between 4 and 8 days showed a delay in growth and development as compared with a shorter stress time (Tables 1 and 2 ), so the onset of flowering was delayed, considering that the cape gooseberry produces one flower at each node of the reproductive shoots (Fischer, 2000) . Also, Ezin et al. (2010) found a reduction in the number of flowers and fruits and in the fruit size and weight in the tomato, attributing these results to the inhibition of photosynthesis and the adverse effects of flooding conditions.
Kozlowski and Pallardy
Reproductive processes require a lot of energy (Fischer et al., 2012) , which may be deficient in plants waterlogged between 4 and 8 days due to a lack of oxygen and consequent hormonal imbalance (Bradford and Yang, 1981) . In addition, the low production of photoassimilates, negatively affected, among other factors, by the reduced leaf area (Table 2) , stomatal closure and wilted leaves (Figure 1) , may have contributed to the early abscission of flowers and fruits (Tadeo and Gómez-Cadenas, 2008).
Dry weight of organs
Nevertheless, as for the treatments of 0 and 2 days, no significant differences (P>0.05) in terms of dry weight (DW) of the plant organs were observed; the 4-day-waterlogging significantly decreased (P≤0.05) plant biomass (Table 5) , with drastic reductions when the plants were waterlogged for 8 days. This longer duration of stress reduced the total plant DW by 66.51%, while the stem and leaves had only 40.74% DW, roots 24.41% DW, and reproductive organs only 17.01% of DW as compared to the non-waterlogged plants.
This high negative effect on the biomass production of the reproductive plant organs, was supposed to be due to the lack of energy sources (ATP) (Bailey-Serres and Voesenek, 2008) and hormonal imbalance (Bradford and Yang, 1981) for the induction of metabolic processes. The drastic reduction in root biomass means that excess water limits the growth and functioning of this organ (Das, 2012) . This type of stress displaces air from the non-capillary pore space of soils, causing oxygen deficiency and, consequently, the death of many roots (Armstrong and Drew, 2002) . Also, Bennet Table 4 . Number of flower buds, flowers and fruits of cape gooseberry (Physalis peruviana L.), subjected at an age of 2 months to waterlogging of different durations. reported an adaptation to the lack of oxygen in the root medium.
The decrease in longitudinal growth (Table 1 ) and leaf area ( Table 2 ) affected plant biomass production of the stems and leaves and, consequently, the production of photoassimilates for these organs as the foliar apparatus is highly affected by waterlogging (stomatal closure, wilting, burn and abscission of leaves; Kozlowzki and Pallardy, 1997; Das, 2012). The reduction of total DW indicates that photosynthetic capacity is strongly inhibited under conditions of waterlogging (CasierraPosada and Gómez, 2008), and that the cape gooseberry has little tolerance to this kind of stress.
General stress symptoms due to waterlogging
According to the stress scale of Yeboah et al. (2008) , the 0-and 2-day-waterlogged cape gooseberry plants did not differ on the symptoms scale during the assessment time (Table 6 ). The 4-day-waterlogged plants showed signs of stress, such as crinkling and foliar turgor loss, after 15 days, but recovered by the end of the experiment (Figure 1 , Table  6 ). The re-establishment of normoxia-like plant appearance and turgency 43 days after drainage (Table 6) indicates the plant's ability to cope with hypoxia if normoxic conditions are adjusted in a suitable amount of time (Kläring and Zude, 2009 ).
The cape gooseberries waterlogged for 6 days, and especially those for 8 days, showed the most severe symptoms of stress in the test with 75-100% curled leaves (without their margins connecting) (Figure 1) . Curling, or epinasty, is caused by the greater growth of the adaxial portion rather than the abaxial portion of the leaf, thereby minimizing the interception of light and transpiration loss (Armstrong and Drew, 2002) .
This reaction is found within the chain of symptoms caused by hypoxia in the rhizosphere, which directly affects the roots and indirectly affects the stem, finally causing the cessation of growth, epinasty and wilting of the leaves, with stomatal closure (inhibiting photosynthesis and respiration) as well as senescence and abscission (Tadeo and Gómez-Cadenas, 2008) . The epinasty of leaves takes place as a result of high concentration of ethylene in ethylene responsive cells of leaves (the precursor of ethylene, ACC, induced by hypoxia conditions in roots, is transported from xylem sap to leaves). Also, an oxygen shortage in roots stimulates the production of abscisic acid (ABA) and the movement of ABA to leaves can account for the stomatal closure response (Dwivedi and Dwivedi, 2012) . In the pea (Pisum sativum), after 4 days of flooding, it was found that the abscisic acid (ABA) level increased in the roots, causing complete closure of stomata, with enhanced ABA concentrations in the leaves (Zhang and Davies, 1987) .
At 50 days after onset of the treatments, the leaves of the 8-day-waterlogged plants had significantly lower chlorophyll contents (P≤0.05), registered as an SPAD index (measured Table 6 . Values of general symptoms of cape gooseberry (Physalis peruviana L.) subjected at an age of 2 months to waterlogging of different durations. (Figure 1 ) because of the reallocation of phloemmobile elements (N, P, and K) to younger leaves (Kläring and Zude, 2009) , while the reduced permeability of the roots to water led to a decline in the leaf water potential and wilting (Dwivedi and Dwivedi, 2012) . Additionally, in the 6-and 8-day-waterlogged plants, the leaf yellowing resulted from poisoning due to toxic substances (e.g. nitrites and sulphides) moving up from the dying roots (Ezin et al., 2008) . These substances might be evacuated from dying cells or formed by microorganisms on the roots or in the soil (Dwivedi and Dwivedi, 2012) . Generally, an excess of water, in quantity and time, can cause lethal conditions for roots, taking into consideration that plants, as aerobic organisms, require oxygen availability in the rhizosphere for nutrient uptake (Iacona et al., 2012) .
Duration of waterlogging (days)
The plants waterlogged for 8 days showed the first necrotic leaves in the basal part, from 15 d after the onset of the treatment, which affected the entire plants on day 43 (Figure 1 ).
Conclusions
The most severe reductions in growth and morphological variables were seen in the plants subjected to continuous waterlogging for 6 and 8 days and it was observed that these differences from the control plants began at 15 days after the treatments were initiated and the negative effects intensified as time passed.
Under the conditions of the experiment, the cape gooseberry easily resisted 2 days of waterlogging, but 4 days under these conditions slowed growth (biomass) and development, which led to a lower induction of floral organs and fruits over time.
The plants can withstand a waterlogging of 4 days with respect to height, leaf area and observed stress symptoms.
The severest stress symptoms of the 8-day-waterlogged plants, with marked reductions in root growth and death of the plants, can be supposed to be the result of hypoxic conditions in the rhizosphere and the consequent production of ethylene and abscisic acid, as well as the reduction of the photosynthetic rate.
These results are the first to be reported for waterlogging in cape gooseberry plants in Colombia, where the terrain is highly affected by global climate change.
